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ULTIMXTE INTRINSIC-COERCIVITY SAMARIUM-COBALT HAGNET : 
AN EARTH-BASED FgASIBILITY STUDY FOR SPACE-SHUTTLB MISSIONS 
Outstanding i n t r i n s i c  c o e r c i v i t i e s  of 45 kOe and 70 M e  have 
been act-ieved f o r  SmCoS magnets a t  the Charles Stark  Draper Laboratory 
(CSDL ) using improved s i n t e r i n g  processes( ' ) and a r c  pla- 
spraying. ( 2 )  Even these  very high values of coercivi ty  a r e  only 13 and 
20 percent of t h e  theoret-ical maxinun value of approximately 350 M e  
whish is the  magnetic anAsotropy f i e l d  f o r  pure SmCo5. Coercivity of a 
magnet is ind ica t ive  of its res i s t ance  t o  magnetization reversa l  when a 
reverse f i e l d  is applied. The reversal  of SmCof magnets a t  j u s t  a small 
f r a c t i o n  of t h e i r  anisotropy f i e l d  has been a t t r i b u t e d  t o  the  presence 
of defect  s i t e s ( 3 )  where t h e  reverse domains nucleat -. a t  lower f i e l d s  
and t h e  reversal  of magnetization occurs e a s i l y  by domain wal l  propaga- 
t ion.  Many of these  defects  a r e  believed t o  be compositional inhomo- 
gene i t i e s  r e s u l t i n g  from prec ip i t a t ion  of diseolved oxygen during the  
cooling of the  magnets from the  s i n t e r i n g  and annealing temperatures. (4-6 
Superscript  numerals r e f e r  t o  s imilar ly  numbered references in  the  L i s t  
of References. 
The o b j e c t i v e  of t h i s  r e sea rch  program was t o  demonstrate t h a t  
it may be f e a s i b l e  t o  produce an i n t r i n s i c  c o e r c i v i t y  i n  an SmCo5 magnet 
approaching i t s  t h e o r e t i c a l  l i m i t  of 350 We,  a s  compared t o  t h e  best 
achieved-to-date va lue  of  approximately 70 kOe a t  CSDL. To achieve t h i s  
goal ,  t h e  experimsntal  e f f o r t s  were d i r e c t e d  towards e l imrna t ion  of 
contamination, p a r t i c u l a r l y  oxygen, from t h e  f i n i s h e d  magnet. 
Genera l ly ,  t h e  s i n t e r e d  SWo5 mgi .e t s  con ta in  6000 ppm of 
oxygen. Using t h e  A r c  Plasma Spray (APS) f a b r i c a t i o n  process ,  samarium 
coba l t  w g n e t s  can be produced wi th  oxygen content  as low as 1500 ppm. 
The experimental  goal  i n  t h i s  program was t o  produce f i n e  p a r t i c l e  
( 5  pm o r  less) SWo5 magnets wi th  oxygen content  s u b s t a n t i a l l y  below 
t h a t  which has been achieved a t  CSDL t o  d a t e  (1500 p p ) .  I t  w a s  hoped 
t h a t  an oxygen content  below 250 ppm, and no more than  100 ppm of o t h e r  
contaminants, would be achieved. The p u r e s t  a v a i l a b l e  samarium and 
coba l t  con ta in  i m p u r i t i e s  o t h e r  than oxygen i n  t h e  neighborhood of 
100 ppm. E f f o r t s  were t h e r e f o r e  d i r e c t e d  towards: ( 1 )  minimizing 
c r u c i b l e  and oxygen contamination during a l l o y  mel t ing  and ( 2 )  
minimizing oxygen contamination i n  t h e  f a b r i c a t i o n  process  of producing 
a f i n e  p a r t i c l e  magnet from t h e  a l loy .  
3.  TASK DESCRIPTION 
Bas ica l ly ,  t h e  program was envisioned aa  beina comprised of two 
main t a sks :  
( 1 )  To produce contamination-free all .oys of d e s i r e d  
composition from pure elements ,  samarium and cobal t .  
( 2  ) To produce very f i n e  powder from t h e s e  a 1  l o p  and t o  
denaify t h e  powder without  adding any con tamina t~on  during 
process ing ,  while  r e t a i n i n g  a f ino-grained s t r u c t u r e  in  
t he  dens i  f i ed  body. 
2 
Alloy Mel t in3  
The conventional  procedure f o r  t h e  p repa ra t ion  of SnrCo a l l o y 6  
is t o  molt elemental  Co and Sm i n  ceramic crucibles us ing  h igh  frequency 
induct ion  hea t ing  i n  an i n e r t  gas  atmosphere. Because of t h e  h ighly  
r e a c t i v e  na tu re  of  samarium, oxygen am w e l l  a6 o t h e r  i m p u r i t i e s  a r e  
picked up by t h e  a l l o y  from both t h e  ambient atmosphere and by r e a c t i o n  
with t h e  c r u c i b l e  walls. Two approaches were taken i n  thim program t o  
reduce t h e  amount cf  contamination dur ing  t h e  msl t iny  process  v i z ,  ( 1  
c o n t a i n e r l e s s  W.F. l e v i t a t i o n  mel t ing  i n  f lawing helium gas  a t  t h e  Space 
Sciences Divis ion  of General E l e c t r i c  Company and ( 2 )  DC a r c  m l t i n g  on 
a water-cooled tantalum c l a d  copper hea r th  i n  a low oxygen quiescent  
argon atmosphere. 
3.2 Powder Meta l lu rg i ca l  P rocess inq  
Large amounts of oxygen e n t e r  t h e  SmCo5 magnet dur ing  t h e  
powder m e t a l l u r g i c a l  processes  by which t h e s e  magnets are fab r i ca t ed .  
These cone i s t  of c o d n u t i o n  and compaction i n  an a i r  atmosphere 
followed by d e n s i f i c a t i o n  us ing  s i n t e r i n g  Since t h e  cxygen contrmfna- 
t i o n  in t h i s  part rf process ing  is l a r g e r  t ,  m r a  than an orde r  of 
magnitude than  what occurs  in t h e  a l l o y  melt ing procedure, t h e  program 
plans  c a l l e d  f o r  developing an e n t i r e l y  new approach where a l l  t h e  s t e p s  
necessary would be parfcrmsd o u t  c f  con tac t  wi th  a i r ,  e i t h e r  i n  h ighly  
p u r i f i e d  i n e r t  gas  atmosphere o r  i n  vacuum. A chamber capable of 
maincaiainq an u l t r a c l e a n  oxygen-frw atmosphere had t o  be designed and 
b u i l t ,  vhere comminution, compaction and encapsula t ion  of t h e  compacts 
in wel l  outgassed i ron  c a n n i s t e r s  could be p e r f c m e d  i n  an oxygen-free 
atmosphere. The sea l ed  c a n n i s t e r s  could then be brought o u t  of t h e  
chamber and t h e  compacts dens i f i ed  t o  near t h e o r e t i c a l  dens i ty  by hot  
i s o s t a t i c  p re s s ing  ( H I P ) .  The tec:hnique of d e n s i t i c a t i o n  of S&05 
magnets by HIPing was being developed a t  CSDL about  tlre time t h e  p re sen t  
program was s t a r t e d .  Since then a paper has been published i n  t h e  IEEE 
t r a n s a c t i o n s  on ~ a g n e t i c s ' ~ )  descr ib ing  t h e  HIPlng of S&05 magnets and 
is appended t o  t h i s  repor t .  
4. ELECTROMAGNETIC CONTAINERLESS MELTING OF SAMARIUH-COBALT W Y  
In t roduct ion 
The development of a technique f o r  forming pure Sm-Co a l loy  
f r e e  from t h e  e f f e c t s  of c ruc ib le  contamination has been described i n  a 
paper which is due f o r  publ ica t ion i n  Metal lurgical  Transactions.(*) A 
copy of t h i s  paper is included a s  Appendix 1 of t h i s  report .  This 
techniqire u t i l i z e s  electromagnetic l e v i t a t i o n  t o  avoid tho use of a 
crucible  during melting and reac t ion  of pure elemental mater ia ls .  The 
samariun is formed a s  t h e  t i g h t l y  f i t t i n g  core  of a cobal t  cyl inder ,  
with masses being adjus ted  t o  provide proper stoichiometry f o r  t h e  
melt. Cooling and s o l i d i f i c a t i o n  is provided by means of a j e t  of 
helium gas. I n  t h e  e a r l y  experiments excessive oxygen pickup from the  
helium coolant  system was experienced. Additional work was therefore  
c a r r i e d  ou t  t o  clean up the  reac t ion  chamber coolant  system and t o  
instrument msasurement of t h e  oxygen p a r t i a l  pressure  i n  the  chamber. A 
specimen of SmCo was prepared with t h e  des i red  stoichoimetry and with an 
oxygen content  of 200 ppn. Although t h i s  is s i g n i f i c a n t l y  b e t t e r  than 
t h a t  obtained e a r l i e r  (600 ppu.), it does not m e e t  the  100 ppm goal which 
had been s e t  a s  the  object ive  required t o  study t h e  improvement i n  
magnetic p roper t i e s  by removal of oxygen. I t  waa shown t h a t  the  ox jen 
contamination was propor t ional  t o  react ion time and hence may be 
a t t r i b u t e d  t o  r es idua l  oxygen i n  the  system which is ge t t e red  due t o  t h e  
rapid  helium flow required f o r  temperature con t ro l  of the  molten sample. 
This r epor t  descr ibes  t h i s  work which has now been discontinued due t o  
a v a i l a b i l i t y  of SmCo of the  des i red  pur i ty  from a n o n - c o ~ r c i a l  source. 
The ot j ec t ives  and general  techniques f o r  l e v i t a t i o n  
conta iner less  formation of SmCo a l l o y s  have been adequately described i n  
Appendix 1. This repor t  descr ibes  in  more d e t a i l  the  e f f o r t  expended t o  
reduce and ins t r3ment  the  oxygen p a r t i a l  pressure  in the r e a c t i ~ n  
chamber and coolant  gas system and the  experiments i n  which these  
improvements were shown t o  be p a r t i a l l y  e f fec t ive .  
4.2 Contamination S t u d i e s  of Reaction System 
4.2.1 Mass Spectrometer Measurements 
A mass spectrometer ,  Spectromass Model 1000M, w a s  i n s t a l l e d  i n  
t h e  l e v i t a t i o n  r e a c t i o n  chamber f o r  t h e  purpose of i d e n t i f y i n g  
contaminant spec i e s  and t h e i r  concent ra t ions  a r i e i n g  from system 
outgassing,  leaks ,  and from t h e  helium coolant  system. This  device 
a l lows scanning over a mass range 1-100 a t  s e l e c t e d  scan r a t e o  o r  
mini tor ing  of s e l e c t e d  mass peaks. Two d e t e c t o r s  a r e  ava i l ab le ;  an ion 
chamber s e n s i t i v e  t o  p a r t i a l  p re s su res  between 1 0 ' ~  and lo-' t o r r ,  and 
an e l e c t r o n  m u l t i p l i e r  s e n s i t i v e  t o  1 0 " ~  t o r r .  
The e l e c t r o n  m l t i p l i e r  w a s  used f o r  vacuum s t u d i e s  t o  d e t e c t  
and reduce system leaks ;  t h e  ion  chamber d e t e c t o r  was used a t  t h c  h igher  
p re s su res  wi th  t h e  helium coolant  system ope ra t ing  t low flow r a t e s  tc 
study contamination from t h i e  system. Figure 1 shows a t y p i c a l  mass 
scan wi th  t h e  system under a vacuum of 1 0 ' ~  t o r r .  Wase peaks a r e  
ev iden t  a t  26 (NZ), 32 (02) ,  i n  t he  proper r a t i o  t o  r ep resen t  air  
leaking  i n t o  t h e  system. Peaks a t  14 and 16 i n  about  t he  same r a t i o  a r e  
a t t r i b u t e d  t o  atomic n i t rogen  and oxygen. The water  vapor peak a t  18 
w a s  observed t o  decrease markedly a f t e r  o v e r n i ~ h t  pumping, i n d i c a t i n g  
t h i s  water  was probably absorbed when t h e  system w a s  open. The OH peak 
a t  17 is a l s o  evident .  Measurements us ing  t h e  e l e c t r o n  m l t i p l i e r  
showed a d d i t i o n a l  weak peaks due t o  hydrocarbons, b u t  t hese  were 
gene ra l ly  weaker by two o rde r s  of magnitude than t h e  main peaks due t o  
a i r .  
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S i n c e  t h e  am88 r p o c t r o a w t e r  can ba u t i l i a e d  a 8  a vmry o f f e c t i v a  
l eak  d e t e c t u r ,  it war umed t o  l o c a l i a e  and reduce  reveral myatem 
leaks.  Loakr ware Pound and reduced a t  t h e  f o l l o w i n g  mymt8a l o c a t i o n r ~  
H e l i u m  , - ~e valva. 
Th ia  l e a k  war i n t e r m l t e n t ,  and trance had tmmn p r e v i o u r l y  
u n i d e n t i f i a d .  
Chamber p r e 8 r u r e  gauge ( f o r  mrarur inq  holium p r e r m r e ! .  
A f t e r  c o r r e c t i n g  thoma l o a k r ,  it warn found pammible t o  pump t h e  myrtmm 
t o  t h o  mld-10-~ t o r r  range. The loak-up r a t a  of t h e  chunbmr war 
meamurtd and found t o  be about  1.5 x 10" qm of N2  eec-l .  Although t h i a  
Leak r a t e  is a l i m i n a t e d  w i t h  t h e  rystam under hel ium p r e r a u r e  r l i g h t l y  
exceeding one atmorphero gauge prermure, it 18 o f f e c t i v m  d u r i n g  t h e  
i n t e r v a l  between vacuum purq inq  of t h e  ch.abmr and aUni8r ion of h e l i w  
t o  i t8  f u l l  f i n a l  p r e a r u r e .  The t lm i n t o r v a l  f o r  admimrion of  hel ium 
is l i m i t e d  by t h o  helium s c r u b b e r ,  i n  which t h e  t e m p e r a t u r e  o f  t h e  
r c r u b b a r  cannot  be a l lowed  t o  d r o p  e x c e s 8 i v e l y  by hel ium flow; othorwime 
i t 8  o f f a c t  ivone88 f o r  g e t t e r  i n g  oxygen i o  redurs , ,~ .  
4 .2 .3  Helium Scrubber  Improvements 
- 
An i n e r t  gee acrubbinq mystem war a v a i l a b l e  wit.h copper  sc reon  
q e t t e r  and a h e a t a r  c a p a b l e  of m a i n t a i n i n g  t h e  copper  acreelrr  a t  500.C. 
To improve t h o  q a t t o r l n q  a c t i o n ,  p a r t i c u l a r l y  w i t h  h ighor  9.8 flow8 
vhere  t.he q e t t s r  t empera ture  rniqht b e  reduced, t i t a n i u m  c h i g a  wore 
procured and uaod t o  r e p l a c e  t h o  coppor. T i tan ium c h i p 8  were installed 
in t h a  q s t t o r  t u b e  of l e n g t h  14 inch08 and d iamete r  1-1/4 inch. Thero 
chipm a r e  e f f e c t i v e  dawn t o  t ampera turea  of 350eC, accord ing  t o  t h e i r  
n u n u f r c r u r o r  (Ganara l  T l a c t r i c  Nuclear  D i v l a i o n ) .  Maam ~ p o c t r o m e t e r  
maamuremants w i t h  low r a t e s  of hel ium e n t e r i n g  t h a  chamber w i t h  the 
g e t t e r  h e a t e d  showed significant r e d u c t i o n 8  i n  t h e  w a t e r  vapor  peak b u t  
n o t  t o t a l  e l i m i n a t i o n .  T h i r  w&a i n t e r p r e t a d  a 8  due t o  ou tga88ing  of 
abrorbed  w a t e r  vapor  i n  t h e  w a l l 8  o f  t h a  unbaked r e a c t i o n  chamber. 
To a l l o w  p r e 8 s u r i e a t i o n  o f  t h e  p roce8s ing  chambor, which i r  
normal ly  used  a s  a  vacuum chamber, t i e - d a m  s t r a p 8  ware added c a p a b l e  o f  
m a i n t a i n i n g  t h e  s e a l  g a a k e t  under  compreaaion w i t h  f r a c t i o n  of a  pound 
per s q u a r e  i n c h  gage pressure in t h e  chnmbar. Vent ing  of  t h e  chamber 
d u r i n g  t h e  h i g h  t e m p e r a t u r e  r e a c t i o n  o f  samarium-cobal t  w.8 neca88ary 
because o f  t h e  r e l a t i v e l y  h i g h  wluw flow of hel ium i n  t h e  jet r e q u i r e d  
f o r  t empera turu  c o n t r o l  of t h e  r e a c t i n g  nmss and t h e  i n a b i l i t y  o f  t h e  
p r o c e s s i n g  chamber t o  w i t h s t a n d  h i g h  i n t e r n a l  p r e s s u r e s .  I t  vae  nl.0 
c o n s i d e r e d  b e n e f i c i a l  t o  f l u s h  any i .;ygen 3rd wate r  vapor t h a t  might be 
evolved  from secondary  b e c t i n g  o f  t h e  p r o c e s s i n g  chamber w a l l s  and 
i n t e r n a l  p a r t s .  
I n  o r d e r  t o  measure t h e  r e l a t i v e  c o n t r i b u t i o n s  t o  chamber 9.8 
i m p u r i t i e s  a r i s i n g  from t h e  hei ium c o o l a n t  g a s  system and o u t g a s s i n g  and 
l e a k s  from t h e  chamber, a  number of exper imbnts  were run a t  low p r e s s u r e  
where t h e  r a t e  of admiss ion  of hel ium was v a r i e d  and t h e  p a r t i a l  
p r e s s u r e s  of hel ium,  n i t r o g e n ,  oxygen and wate r  vapor  ware measured. A t  
t h e  lowes t  flow r a t e s ,  t h e  i m p u r i t y h e l i t u a  r a t i o  is de te rmined  by t h e  
o u t g a a a i n g  and leak  r a t e s ;  a t  the h i g h e r  flow r a t e r  and h i g h e r  chamber 
p rasnuree ,  t h e  t.elium impur i ty  c o n t a n t  w i l l  u l t i m a t e l y  dominate.  
I n c o n s i s t e n t  r s s u l t s  were ob ta ined .  Measurements of p a r t i a l  p r e s s u r e  of 
hel ium a s  r e c c r d e d  bq t h e  mass s p e c t r o m e t e r  v e r s u s  t h e  p r e s s u r e  a s  
i n d i c a t e d  by t h e  system ion  gause i n d i c a t e d  a  pronounced n o n l i n e a r i t y .  
I t  was found t h a t  t h e  i n d i c a t e d  hel ium p a r t i a l  p r e s s u r e  a c u t a l l y  went 
through a  maximum a t  an ion gauge i n d i c a t e d  ptemaurs  of 2 x t o r r  
due t o  s c a t t e r i n g  i n  t h e  mass quadrupoie ,  which was In t h e  range where 
a c c u r a t e  measurements m r e  necessa ry  t o  s e p a r a t e  t h e  o u t g a s s i n ,  and 
h e l i - m  impur i ty  s o u r c e  c o n t r i b u t i o n s .  For t h i s  reason ,  unique 
s s p a r a t l o n  of t h e a e  two s o u r c e  c o n t r i b u t o n s  was not  p o s s i b l e  wi th  t h e  
a v a i l a b l e  i n s t r u m e n t a t i o n .  
An oxygen p a r t i a l  p r e s s u r e  a n a l y z e r  o f  t h e  h o t  f i l a m e n t  t y p .  
w a s  o b t a i n e d  and u t i l i z e d .  T h i s  i n s t r u m e n t ,  manufactured by A i r  
P r o d u c t s  and Chemicals Corpora t ion ,  is s e n s i t i v e  t o  a n  oxygen p a r t i a l  
p r e s e u r e  of a faw p a r t s  p e r  m i l l i o n  b u t  h a s  a tims c o n a t a n t  a t  t h i s  low 
p r e s s u r e  measured i n  minutes .  T e s t s  were made o f  t h e  g a s  d i r e c t l y  o u t  
o f  t h e  hel ium c y l i n d e r s  a f t e r  i).rutilnq t h r r a q h  t h e  a c t i v a t e d  g a s  
sc rubber .  Oxygen c o n t e n t s  a few p a r t s  p e r  m i l l i c  above t h o  a n a l y z e r  
t h r e s h o l d ,  were measured f o r  t h e  t ank  gas ,  b u t  w i t h  t h e  s c r u b b e r  i n  
o p e r a t i o n ,  t h e  a n a l y z e r  i n d i c a t e d  reduced oxygen p a r t i a l  p r e a s u r e s .  
I n t e r m i t t e n t  d i f f i c u l t i e s  were encounte red  w i t h  h i g h e r  ohygen 
l e v e l s  and it was d i s c o v e r e d  t h a t  t h e s e  appearad  a s s o c i a t e d  w i t h  the 
v e n t  va lve .  I t  was s u s p e c t e d  t h a t ,  a t  t h e  lw i n t e r n a l  oxygen 
p r e s s u r e s ,  backs t reaming  of  a tmospher ic  oxygen through t h e  v e n t  v a l v e  
cou ld  occur  a g a i n s t  t h e  r e l a t i v e l y  low v e l o c i t y  s h o r t  column of e x i t i n g  
helium. Fbr t h i s  reason ,  a v e n t  t u b e  o f  s e v e r a l  f e e t  l e n g t h  was added 
t o  t h e  ven t  v a l v e ,  s i n c e  c a l c u l a t i o n s  showed t h a t  backs t reaming  would 
n o t  o c c u r  f o r  t h i s  s i t u a t i o n .  I n  one o f  t h e  e a r l y  rune ,  o v e r h e a t i n g  o f  
t h e  samarium c o b a l t  m e l t  caused  v i s i b l e  vapor  c l o u d s  o f  samarium i n  t h e  
chamber. T h i s  m a t e r i a l  was s e e n  e x i t i n g  t h e  v e n t  v a l v e  and was b e l i e v e d  
t o  be a h e a l t h  hazard ,  no hood b e i n g  a v a i l a b l e  i n  t h e  v i c i n i t y  o f  t h e  
r e a c t i o n  chamber. Fbr t h i s  reason  t h e  v e n t  e x i t  p i p e  was i n t r o d u c e d  
i n t o  t h e  forepump mani fo ld  f o r  subsequent  runs .  Because of t h e  
r e l a t i v e l y  l o w  ( <  1 t o r r )  forepump p r e s s u r e  and t h e  h i g h  a s p e c t  r a t i o  o f  
t h e  ven t  tube, backs t reaming  was n o t  b e l i e ~ d  t o  occur .  
4.2.4 Elemental  M a t e r i a l s  Used f o r  F i n a l  React ion Experiments  
Elementdl  samarium a n 3  c o b a l t  o f  improved p u r i t y  was purchased  
f o r  t h e  f i n a l  r e a c t i o n  exper iments  i n  t h e  imprcved r e a c t i o n  chamber 
system wi th  r e f u r b i s h e d  gaa sc rubber .  One-half inch  d i a m e t e r  samarium 
rod  produced by vacuum zone r e f i n i n g  was purchased through Uni ted  
Minera l  and Chemical C o r p o r a t i o n  from a Uni ted Kingdom s u p p l i e r .  The 
m a t e r i a l  wae a d v e r t i s e d  a s  99.99 p e r c e n t  pure .  Three-e igh t s  i n c h  
d iamete r  c o b a l t  rod  was purchased from M a t e r i a l s  Research Corpora t ion .  
This m a t e r i a l  was b e l i e v e d  t o  c o n t a i n  less t h a n  O.Cl0 oxygen by 
w i g h t .  A i n e r t  gas  f u s i o n  a n a l y s i s  s u b c o n t r a c t e d  by CSDL gave t h e  
f o l l o w i n g  r e s u l t s  f o r  oxygen: 
a: 1 p m  D2 
Co: 27 p p  02. 
The samarium w a s  r e c e i v e d  from t h e  vendor e e a l e d  i n  a g l a s s  
ampule and w a s  handled i n  an  i n e r t  g a s  environment e x c e p t  f o r  t h e  b r i e f  
t i m e  r e q u i r e d  f o r  machining t o  form the l e v i t a t o n  charge.  I t  is 
i n t e r e s t i n g  t h a t  t h e  r e s u l t s  o b t a i n e d  by CSDL a r e  c o n s i d e r a b l y  better 
t h a n  t h e  oxygen c o n t e n t s  a d v e r t i s e d  by t h e  s u p p l i e r s .  The chemica l  
a n a l y s t ,  however, is unders tood  t o  have been u s i n g  a  method c o n s i d e r a b l e  
b e t t e r  t h a n  e a r l i e r  c o n v e n t i o n a l  methods. 
4.2.5 F i n a l  Reac t ion  Experiments  Using Pure  Charges w i t h  Gas Scrubber  
The l i m i t e d  d iamete r  o f  t h e  a v a i l a b l e  p u r e  cobalt r e q u i r e d  
fo rmat ion  of  s o w w h a t  smaller c h a r g e s  of p u r e  m a t e r i a l s  t h a n  had been 
used p r e v i o u s l y  (4.8 vs. 6.2 gm). The samarium was machined i n t o  t h e  
form of a  r i g h t  c y l i n d e r  which was t i g h t l y  f i t t e d  i n t o  a  c y l i n d r i c  
c on centric mass o f  c o b a l t  w i t h  p r e s s e d  end caps .  Smal l  grooves and end 
cap h o l e s  were p rov ided  t o  v e n t  samarium vapor  which w u l d  form b e f o r e  
r e a c t i n g  t o  Sm-Co. T h i s  t e c h n i q u e  proved s u c c e s s f u l  i n  p r e v e n t i n g  
b a l l o o n i n g  o r  expansion of  t h e  charge  d u r i n g  r e a c t i o n .  
Measurement of oxygen p a r t i a l  p r e s s u r e  i n  t h e  hel ium c o o l a n t  
e x i t i n g  t h e  chamber wi th  t h e  c o o l i n g  gas  j e t  o p e r a t i n g  b e f o r e  h e a t i n g  o f  
t h e  specimen i n d i c a t e d  a  v a l u e  less than  a  few p a r t s  p e r  m i l l i o n ,  t h e  
lower l i m i t  d e t e c t a b l e  wi th  t h e  h o t  w i r e  p a r t i a l  p r e s s u r e  a n a l y z e r .  
t%llawing t h e  chemical  r e a c t i o n  of t h e  h e a t e d  l e v i t a t i o n  
charges ,  t h e  oxygen p a r t i a l  p r e s s u r e  i n  t h e  e x i t i n g  hel ium c o o l a n t  was 
a g a i n  found t o  be less than  a  few p a r t s  p e r  m i l l r o n .  I t  so11ld be no ted ,  
however, t h a t  because t h e  time c o n s t a n t  f o r  d e t e c t i o n  of even h i g h e r  
l e v e l s  is longer than  t h e  r e a c t i o n  time of approximately one minute, a 
moderate r :ae i n  oxygen l e v e l  might have occurred  due t o  outgaaa ing  
frouhesking of  t h e  chamber and i n t e r n a l  colaponento *ring t h e  r eac t ion  
of tne Sm-Co. 
The paper i n  Appendix 1 describes in  & t a i l  t h e  r e e u l t s  
obta ined  by c r u c i b l e l e s s  r e a c t i o n  of the samarium and cobal t .  
Considerable i m p r o ~ m s n t  i n  oxygen level w a s  ob ta ined  over  previous  runs 
(0.02 percen t  vs. 0.06 percen t  1. I t  is of i n t e r e a t  t o  compare t h i s  
lower f i g u r e  t o  t h e  araounts which could have been con t r ibu ted  by 
impur i t i e s  i n  t h e  s t a r t i n g  elemental  m a t e r i a l s  and by t h e  helium coolant  
gas. 
For s t o i c h i o u e t r i c  SmCo5, t h e  coba l t  c o n t r i b u t e s  a f r a c t i o n  
0.66 of t h e  t o t a l  mass. A weight f r a c t i o n  27 ppm O2 i n  t h e  s t a r t h g  
coba l t  would t h u s  c o n t r i u t e  only 18 p p  O2 t o  t h e  weight of smco5. ~ h i b  
is only about  0.002 w/o. Likewise t h e  c o n t r i b u t i o n  of oxygen from t h e  
s t a r t i n g  samarium would be n e g l i g i b l e  compared t o  t h e  0.02 w/o found i n  
t h e  r eac t ed  mass. 
The t o t a l  oxygen content  found i n  t h e  f i n a l  r eac t ed  5 gm mass 
of SmCo was 2. x 5 - 1 mg. The volume occupied by t h i s  amount of 
oxygen a t  atmospheric p re s su re  would be (1 /32)  1 0 - ~ * 2 2  l i ters = 
2/3 cm3. I f  m i t i a l l y  p r e s e n t  a s  impuri ty i n  t h e  helium f i l l i n g  t h e  
60 l i t e r  r eac t ion  chamber, t h e  oxygen p a r t i a l  p re s su re  would be about 
10 ppm. Lf t h i s  oxygen i n  t h e  specimen rare a l l  der ived  from chamber 
ow<- =n, t h i s  would imply t h a t  g e t t e r i n q  of oxygen w a s  not  s i g n i f i c a n t l y  
i n h i b i t e d  by d i f fus ion .  S ince  t h e  helium coolant  flow dur ing  t h e  
r e a c t i o i ~  was s u f f i c i e n t  t o  r ep lace  t h e  chamber helium, t h i s  would imply 
t h a t  t h e  h o t  aamarium c o b a l t  specimen a c t e d  a s  an almost p e r f e c t  g e t t e r  
f o r  t h e  oxlgen impuri ty impinging from t h e  smal l  j e t  d i r e c t e d  from c l o s e  
range. This  would imply i n  t u r n  thrt repea t ing  t h e  experiment i n  a 
microgravity would be of i n t e r e s t  where t h e  helium jet would not  be 
necesuary f o r  temperature c o n t r o l  s i n c e  t h e  e lec t romagnet ic  hea t ing  
would not be determined by t h e  s t r o n g  f l s l d s  necessary f o r  l e v i t a t i o n .  
DC ARC44ELTED AND DROP-CAST SmCo5 ALLOY BY AMES LABORATORY OF 
IOWA STATE UNIVERSITY 
A 100-gram %Cog alloy ingot has been obtained from the Ames 
Laboratory, prepared specifically for our program on a special purchase 
order. The samarium used for the alloy was of the highest purity 
obtainable, prepared and purified at the Amos Laboratory. High-purity 
cobalt purchased commercially was also further purified at their 
facilities. The alloy of these two elements in the desired composition 
was arc-oelted in a quiescent atmosphere of purified argon, on a water- 
cooled-tantalum-clad, copper hearth. After repeated melting to produce 
homogeneity, the melt was drop-cast into a cold copper mold. The alloy 
ingot after being received at CSDL was thoroughly analyzed to determine 
its quality. Some samples picked from random locations on the ingot 
have been analyzed for oxygen and were found to contain an average of 
70 ppn oxygen by weight. In coqarison, the conuaercial alloys contain 
between 200 and 400 ppn oxygen, and the recent R.P. containerless melted 
alloy has shown the value of 200 ppm. 
Several samples of both the Ames Laboratory SmCoS alloy and a 
commercial alloy of the same chemical composition wc)re sent out for 
analysis of trace elements by carbon-arc optical emission spectrography. 
The results of the analysis are shown in Table 1. 
Table 1, The ranges of weight ppm of trace elements. 
*ND - not detectable, which usually indicates 
the amount as less than 10 ppm. 
The l a r g e  variations m e n  i n  amounts of v a r i w 8  e l s a e n t s  f m a  
8nmple t o  sample of  t h e  m e  a l l o y s  raise soare doubta about  t h e  
p r e c i s i o n  of t h e  technique  f o r  q u a i k i t a t i v e  c h g i c a l  ana lys is .  The 
variat ionm i n  t h e  Amea a l l o y  m a p l e s  were m a l l a r ,  i r d i c a t i n g  a h igher  
degree of h a m g e m i t y  t h a n  i n  t h e  caaplercial a l loy .  Ner the less ,  it is 
q u i t e  apparant  t h a t  t h e  t o t a l  impuri ty content  of  t h e  Ames a l l o y  is 
about a n  o r d e r  of magnitude l e e s  t h a n  i n  t h e  commercial a l loy .  Th ia  
r e s u l t  was expected, s i n c e  t h e  s t a r t i n g  ma te r i a l a  used i n  t h e  
p r e p a r a t i o n  of t h e  Am88 SmCo5 a l l o y  were of  t h e  h igheat  p u r i t y  
o b t a i  ~ b l e .  
Based on a l l  t h e  a n a l y s i s  c a r r i e d  ou t ,  t h e  SWo5 a l l o y  prepared 
a t  t h e  A m e s  Laboratory w a s  considered b e e t  s u i t e d  f o r  t h e  f a b r i c a t i o n  of 
high p u r i t y  magnets i n  t h e  p re sen t  pmrjram. Therefore  fou r  more 100- 
gram a l l o y  i n g o t s  were purchased f xwci t h e  Amen Laboratory. 
LOW OXYGEN COMMINUTION AND POWDER MEZALLURGY 
Coaminution, Compaction a* Encapsulat ion Chamber 
A l a r g e  amount of oxygen ( a s  nuch a s  6000 ppm) is absorbed by 
t h e  a l l o y  powder of average 10 urn p a r t i c l e  s i z e  upon e x p o a r e  t o  a i r .  
In t h e  s tandard  procedure, cama imt ion  and a l l  ptnrder handling is  
perform&. i n  a i r ,  u n t i l  t h e  green compacts e n t e r  t h e  s i n t e r i n g  
furnace. Under very c a r e f u l l y  c o n t r o l l e d  cond i t ions ,  s i n t e r i n g  can  be 
performed wi thout  AM l a r g e  inc rease  i n  oxygen content .  A t  Draper 
Laboratory we have developed HIP f o r  S I U C O ~  magnets, which is  super ior  t o  
s i n t e r i n g  in lowering oxygen pickup dur ing  t h e  d e n s i f i c a t i o n  of t h e  
powder compact. 
The major p r o b l e m  t h a t  need t o  be 8 0 l ~ o d  are t h e  p repa ra t ion  
of powder from t h e  S S o 5  a l l o y  wi thout  exposure t o  any oxygen sourco and 
in t roduc t ion  of t h e  powder c o w a c t  i n t o  a well-outgassed HIP m n n i s t e r ,  
followed by evacuat ion  and s e a l i n g  of t h e  cann i r t e r .  A l l  of t h e  above 
s t e p s  can be p e r f o r m d  i n s i d e  a chamber f i l l e d  wi th  u l t ra -pure  noble 
gas. Such a chamber w a s  designed a t  CSDL and was b u i l t  a t  a local 
vendor 's  f a c i l i t y .  A s chmmt ic  ske tch  of t h e  e n t i r e  system is shown i n  
Figure  2. 
The chamber, b u i l t  of s t a i n l e s s  steel wi th  po l i shed  w a l l s  and 
s t a i n l e s s  steel plumbing, is capable of b e ~ n g  evacuated and baked o u t  t o  
reach a low 1 0 ' ~  t o r r  pressure.  Besides t h e  main chamber where a l l  t h e  
powder p repa ra t ion  and handl ing  are performed us ing  gloves,  t h e r e  a ~ e  
two a t t ached  a u x i l i a r y  chambers, one f o r  powder drying and t h e  o t h e r  an 
e n t r y  por t .  Af t e r  avacuation the chamber is f i l l e d  with ge t te r - furnace  
purif ied-argon t o  atmospheri6 pressure.  The f i n a l  coauninution of t h e  
powder i 9  c a r r i e d  o u t  i n s i d e  t h e  chamber, d r i e d  i n  t h e  a t t a c h e d  
des i cca to r ,  loaded i n t o  t h e  HIP c a n n i s t e r  and compacted a t  
4000 1b/in2. The HIP c a n n i s t e r  is then s e a l e d  by welding be fo re  
being brought o u t  f o r  HIPing. 
The CSDL designed comminution chamber was fabr ! .~a ted  wi th  a l l  
necessary s t a i n l e s s  steel plumbing, va lves ,  p o r t s ,  and pumps. I t  was 
3 leak checked t o  less than 10" s t d  cm / s ac  a t  t h e  vendor 's  shop i n d  
de l ive red  t o  CSDL by t h e  end of December 1981. F igure  3 shows t h e  
chamber a t  i n s t a l l e d  a t  CSDL. The pumps a r e  l oca t ed  urlder t h e  chamber, 
and a r e  p a r t i a l l y  v i s i b l e .  The evacuable glove port covers a r e  i n  
place. A t  t h e  bottom r i g h t  hand corner  t h e  e l e c t r i c a l  c o n t r o l  panel  is 
seen. A 500 rpm motorized magnetical ly dr iven  s h a f t  is loca t ed  a t  t h e  
top of t h e  chamber, which . rotates  t h e  pedal  of an a t t r i t o r  ball m i l l .  
The double door c y l i n d r i c a l  e n t r y  p o r t  is seen a t t ached  on t h e  r i g h t  of 
t he  main chamber. The powder drying chamber l a  bare ly  v i s i b l e  on t h e  
lef t-hand s ide .  Not seen i n  t h e  photograph a r e  ( 1 )  a Hobart welding 
power supply capable of producing 200 amps a t  40 v o l t s  and ( 2 )  a gas 
pu r i fy ing  system - Centorr  Ge t t e r ing  Furnace - with  gas p u r i f i c a t i o n  
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c a p a b i l i t y  o f  l e a s  t h a n  lod ppm a t  a  f low r a t e  o f  40 l i t f r a / r a i n u t e .  
The weld ing  c u r r e n t  is brought  i n t o  t h e  c h a m k r  th rough  a  heavy d u t y  
e l e c t r i c a l  f eed through  and t h e  p u r i f i e d  a rgon  g a s  th rough  v a l m d  copper  
p ipe ,  l o c a t e d  i n  t h e  rear w a l l  o f  t h e  chamber. 
6.2  Modif ied A t t r i t o r  B a l l - M i l l  and Welding Gun 
The a t t r i t o r  b a l l - m i l l  shown i n  f i g u r e  4 is a m o d i f i c a t i o n  o f  a  
purchased u n i t  made s u i t a b l e  f o r  u s e  i n s i d e  t h e  chamber. The a t t r i to r  
can  had been welded t o  a  s t a i n l e s s  steel b a s e  p l a t e  which =an b. clampad 
on t o  t h e  t o p  p l a t e  of a  l a b o r a t o r y  jack.  The base of t h e  j ack  can  b e  
f i r m l y  a t t a c h e d  t o  t h e  f l o o r  of t h e  chamber u s i n g  f o c r  b o l t s .  &t t h a t  
s t a t e ,  t h e  s h a f t  w i t h  a t t r i t o r  p e d a l  is a l i g n e d  w i t h  t h e  a x i r  of t h e  
a t t r i t o r  can. The jack is t h e n  a d j u s t e d  f o r  t h e  p r o p e r  h e i g h t .  Water 
c o o l i n g  c o i l s  have been brazed  on t h e  o u t s i d e  w a l l  of t h e  a t t r i t o r  c a n  
and c o o l i n g  w a t e r  is f u r n i s h e d  through meta l  bellws tubes. Also  s e e n  
i n  t h e  backqrcund is t h e  a r c  welding gun connec ted  t o  t h e  heavy d u t y  
e l e c t r i c a l  feedthrough.  
6 .3  Manual Compactor 
P r i o r  t o  HIPing, t h e  powder is g e n e r a l l y  compacted by any of  a  
number of means t o  about  65 t o  70 p e r c e n t  of t h e o r e t i c a l  d e n s i t y .  The 
t a p  d e n s i t y  of  SmCo5 powder is a b o u t  3P p e r c e n t ,  which is n o t  conducive 
t o  s u c c e s s f u l  HIPing. SmCoS powder y r e p a r e d  i n s i d e  t h e  chamber 
t h e r e f o r e  must be compacted t o  a  r r a s o n a b l o  h i g h  d e n s i t y  p r i o r  t o  
s e a l i n g  i n s i d e  t h e  HiP c a n n i s t e -  ( w h i l e  s t i l l  i n s i d e  t h e  chamber).  The 
e a s r e s t  way t o  a c h i e v e  t h a t  r . ~ j e c t i v e  would be t o  compact t h e  powder 
d i r e c t l y  i n t o  t h e  HIP c a n n i s t e r .  A manual compactor w a s  t h e r e f o r e  
des igned  and b u i l t  a s  sP.own i n  F igure  5. The e n t i r e  f i x t u r e  is b u i l t  of 
s t a i n l e a s  s teel ,  wi th  t h e  t o p  p l a t e  a t  a  h e i g h t  of 1 2  i n c h e s  from t h e  
base.  The t o p  and 'bottom p l a t e s  a r e  r i g i d l y  p a r a l l e l  t o  e a c h  o t h e r  by 
means of f o u r  1-fnch d iamete r  rods .  The middle p l a t e  s l i d e s  up and down 
t h e  c o r n e r  p 0 6 ~ ~ s  on s h r i n k  f i t t e d  nylon bushing8 i n t o  t h e  h o l e s  on t h e  
p l a t e .  Motion i n  t h e  v e r t i c a l  d i r e c t i o n  i s  provided by t h e  hand crank 
--- 
I 
I 
I 
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Fiuure 4 .  Rttrltor ball m i l l  and t h e  hand held weldinct  ,run ~r i sk~ le  
the chamber as seen thru t h e  v ~ ~ w i n a  p r t .  1 
? a  
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r i n - r r  t. Y.lanua1 c m p a c t o r  fcrr l c ~ d i n a  HIP canister w i t h  hiuhta.' 
: ? rny~ r t r~ j  5mCo 5 yruder . 
a t t ached  t o  t h e  threaded 1-inch diameter  A(31E rod. The 3/4-inch- 
diameter plunger a t t ached  t o  t h e  s l i d i n g  p l a t e  provides t h e  compacting 
f o r c e  on t h e  SmCoS powder ina ide  t h o  HIP c a n n i s t e r  by w a n e  of hand 
cranking. A load of 2000 l b s  was easilly p roduce .  i n  t h i s  device  aa  
measured by a Dil lon gage. Using t h i s  f o r c e  SmCo5 powder waa compacted 
t o  a dens i ty  of 55 percent  i n s i d e  a 3/4-inch diameter  HIP c a n n i s t a r  
ehown j u s t  below t h e  plunger. The 35 percent  dens i ty  w a s  considered 
adequate t o  proceed with YIP processing.  The assembled manual compactor 
could be e a s i l y  moved i n t o  o r  o u t  of t h e  chamber through t h e  e n t r y  p o r t  
of t h e  comminution chamber. 
6.4 Hydrogen Comminution w a r a t u s  
The hydrogen comminution appara tus  i a  shown i n  Figure 6. The 
pressure  vesse l ,  capable of wi ths tanding  many thousande of  p s i ' s  is on 
t h e  foreground r e s t i n g  on a l abo ra to ry  jack. The plumbing arrangement 
al lows it t o  be evacuated t o  low loa t o r r  p re s su re  and then  g re s su r i zed  
with hydrogen d i s e c t l y  from a hydrogen pressure  cy l inder .  Hydrogen can 
then ba pumped o u t  and t h e  preseure  vessql  baked o u t  t o  remrjqe a l l  
llydrogen from t h e  r e s u l t i n g  SmCo5 powder by hea t ing  t h e  p re s su re  ves se l  
with hea t ing  t ape  and then b a c k f i l l e d  with argon through a high vacuum 
valve. Af ter  argon b a c k f i i l i n g ,  the valve  above t h e  p re s su re  v e s s e l  is  
shut  t i g h t  and t h e  pressure  ves se l  dieconnected from t h e  assembly by 
loosening t h e  VCO connector nut  d i r e c t l y  above the valve. The p re s su re  
ves se l  is then t r a n s f e r r e d  t o  t h e  c o d n u t i o n  chamber f o r  removal o f  
powder f o r  f u r t h e r  process ing  i n  pure argon. 
LOW OXYGEN SmCo5 FABRICATION EXPERIMENTS 
Because of t h e  abrupt  sho r t en ing  of t he  t i m e  per!od and 
reduction of t he  funding only a l imi t ed  amount of experiments could be 
performed i n  order  t o  demonstrate t h e  p o t e n t i a l  of t h e  facilities for 

fabr ica t ion  of SnCog powder product8 with a minimal of oxygen 
contamination. The oxparimant8 t h a t  h a w  been p e r f o r u d  a r e  the re fo re  
of the  preliminary naturo t o  brtorraine tho feasibility of 8ucceorfully 
performing m o m  of tho tamkr in r ido  t h e  chambor. 
A t t r i t o r  B a l l  n i l l i n g  of -0, Powder 
-- 
I n  tho conlnnt ionr l  a in te r ing  proce.8 f o r  SPCo5 magnet. t h e  
p a r t i c l e  s i z e  of t h e  powder ured i r  on tho  aver.- between 5 and 
10 urn, which i m  produced by a t t r i t o r  b a l l  milling. The f e d  f o r  the  
a t t r i t o r  ball m i l l  i 8  usually around 150 urn, which i n  produced by dry 
grinding i n  a double d i8c  pulverizer.  By ca re fu l  processing, thi8 
powder cur  bo produced with an oxygen content  a8 law a8 about 350 t o  
400 ppm, r t a r t i n g  with a qood q u a l i t y  co~ll lnrcial  S&05 a l l o y  containing 
about 150 ppln of oxygen. The l inter-grade powder (5  t o  10 wn) hcrwomr 
contain8 on the  average about 6000 ppm of oxygen, becauao the  f i n a l  
grinding, drying of t h e  pawder and handling, etc. ,  a r e  a l l  done i n  
a i r .  The plan f o r  t h i 8  program waa the re fo re  t o  per,form a l l  the  ta8kr 
i n  t h e  oxyqen f r o e  atmomphere of the  comminution chamber a f t e r  the  a l loy  
was reduced t o  tho a t t r i t o r  food sire powder. 
The preliminary a t t r i t o r  b a l l  mi l l ing i n  the  chambor was t o  
determine whether the  modified arrangement of t'\e m i l l  necess i t a t ed  by 
being inmido the  chamber would r t i l l  produce pouder rizm comparable t o  
t h a t  produced by the  conventional a t t r i t o r .  A 200 gram batch of d i s c  
ground SmCo5 pawder war a t t r i t o r  ball  milled inaide  t h e  closed chamber 
i n  a i r  atmosphoro. Except f o r  t h e  long magnetic drive s h a f t  ro ta t ing  
the a t t r i t o r  podal, tho  other  condition8 of grinding were the  same as 
when it is operated i n  a i r .  A 8  urual  the  grinding b a l l 8  were 1 / 8  inch 
s t a i n l e a s  s t e e l  b a l l r ,  t h e  f l u i d  msdium war toluene and the  pedal was 
ro ta ted  a t  500 rpm. After  the  grinding, the  powder war removed from the  
c h e r ,  d r i ed  and powder a f t o  war examined. P a r t i c l e  s i z e  d i s t r i b u t i o n  
is shown in  the  micrograph i n  Figure 7 which is s imi la r  t o  the  powder 
produced i n  the  conventional setup. I t  appears t h a t  powder comminution 
i n  the  chambar f o r  low oxygen content would proceed s a t i s f a c t o r i l y .  
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Fisure  7 .  Phvtclmicrcarnph of the S K a  5 pclder prepared by a t t r i t c l r  
b a l l  milllnu ir! the  scmmin~r t lon  chamber. 
A r c  Weldi ng I mide t h e  Chamber 
The s u c c e s s  of t h e  entire p r o c e s s  would h e a v i l y  depend o n  b e i n g  
a b l e  t o  produce a l e a k - t i g h t  welded joint between t h e  c o v e r  and t h e  
c a n n i s t e r  of t h e  H I P  assembly inside t h e  chamber. T h e r e f o r e ,  it was 
impor tan t  t o  d e t e n n i n  i f  w e l d i r q  c o u l d  be s u c c e s s f u l l y  performed i m i d e  
t h e  chamber. 
The chamber was evacuated t o  1 0 ~  t o r r  p r e s s u r e  and b a c k f i l l e d  
w i t h  h igh  p u r i t y  argon. Two 1/16 i n c h  low c a r b o n  steel p l a t e s  were t h e n  
seam welded i n  s e v e r a l  4 i n c h  l e r q t h s ,  p r o v i d i n g  mama1 moveaent of t h e  
gun u s i n g  g loves .  S i n c e  it was done i n  a 100 p e r c e n t  a r g o n  atmosphere,  
t h e  welding eLec t rode  was not  covered w i t h  f lowing  a r g o n  around it. 
There  were some d o u b t s  about  whe ther  t h e  welded joint c o u l d  b e  made 
w i t h o u t  a n  enve lope  of a r g o n  g a s  f l awing  around t h e  electrode d u r i n g  t h e  
welding. The steel p l a t e s  were brought  o u t  and v i s u a l l y  examined f o r  
flaws. They were found t o  b e  of e x c e l l e n t  q u a l i t y ,  and wera a t  l e a s t  a s  
good a s  s i m i l a r  welded j o i n t s  produced when done i n  t h e  c o r n e n t i o r a l  
manner i n  room atmosphere.  
SmCo5 Powder D e m i f i c a t i o n  Using Commimtion Chamber Procedure  
si rice t h e r e  was l i t t l a  t i m e  l e f t  t o  c a r r y  o n  t h e  many 
exper iments  necessary t o  show t h e  dependence of c o e r c i v i t y  o n  oxygen 
c o n t e n t ,  it was dec ided  t h a t  a t  l e a s t  some d e n a i f i c a t i o n  of S@oS powder 
handled i n s i d e  t h e  chamber should b e  performed,  which would of coGrse b e  
only of a p r e l i m i n a r y  na ture .  I t  was expected t h a t  t h i s  would i n d i c a t e  
whether  t h e  p r o c e d u r e s  a r e  v i a b l e ,  and whether  t h e y  would indeed l e a d  t o  
p r o d u c t i o n  of f ine -gra ined  d e n s i t i e d  SnCos b o d i e s  w i t h  s i g n i f i c a n t l y  
reduced oxygen c o n t e n t .  The most r e a s o n a b l e  approcch would have been t o  
f i r s t  deve lop  c o d r a t i o n  p rocedures  and d r y i n g  of powder-toluene s l u r r y  
i n  t h e  comninut ion chamber i n  p u r i f i e d  a rgon  atmosphere  m a i n t a i n i n g  very 
low l e v e l s  of oxygen c o n t e n t .  T h i s  a l o n e  would have t a k e n  more t ime 
than wa had l e f t .  Therefore,  wa d e c i b d  t o  procoed wi th  pawdorm of mcll 
l a r g e r  particle s i z e ,  t h a t  could  be produced by e i t h e r  d i s c  pu lvo r ixe r  
o r  hydr-n c o d n u t i o n .  Hydrogen c o a d n u t e d  powder appeared 
a t t r a c t i v e ,  s i n c e  it could be produced without  exposure t o  a ir  and 
t r a n e f e r r e d  t o  thr rhnmber where t h e  pre8sure  va88el coula  be opened i n  
t h e  hignly p u r i f i e d  argon atmnrphera, and perhaps w w l d  con ta in  lesr 
oxygen than disc-ground powder. 
A 100-gram batch  of comnrrcial. Sm305 a l l o y  i n  half- inch s i z e  
p i eces  was hydrogen comminuted with appara tus  shown i n  F i g u l r  6. The 
pressure  v e s s e l  wan f i r s t  evacuated to  torr ,  and then  f i l l e d  wi th  
hydrogen a t  800 lb/ in2 f o r  about 16 hours. Hydrogen was then  r e m o ~ d  by 
~ v a ~ u a t i o n  whi le  t h e  pressure  vessel wan hea ted  t o  about 100.C by m a n s  
of hea t ing  tapes .  When t h e  p re s su re  reached law lod t o r r  region,  
hea t ing  t apes  were removed, t h e  vessel wa8 b a c k f i l l e d  t o  17 lb/ in2 wi th  
hlgh p u r i t y  tank argon, valved of f  from t h e  system, disconnected a t  t h e  
o-ring s e a l  j o i n t  and t h e  ves se l  t r a n s f e r r e d  t o  t h e  chamber. '&he 
cominu t ion  chamber was evacuated t o  2 x l o 6  t o r r  and b a c k f i l l e d  t o  
s l i g h t l y  above atmospheric p re s su re  wi th  ge t t e r - fu rnace  p u r i f i e d  
argofi. Next, t h e  p re s su re  vasee l  cover was removed, and t h e  fo l lowing 
t a s k s  were performed: 
( a  About 0.5 gm powder samples were placed  i n s i d e  preweighed 
t i n  capsules ,  which were pinched c l o s e  and p laced  i n s i d e  
g l a s s  v i a l s  and t i g h t l y  capped. 
( b )  Powder was loaded under a p re s su re  of 2000 pounds i n t o  two 
outgassed HIP c a n n i s t e r s ,  3/4 inch I n t e r n a l  diameter by 
1-3/4 inch high, and 1/16 inch wall .  
( c )  The outgassed alrsemblies of HIP can cover and pump-out 
tube swagelock connected t o  high vacuum valves were then 
welded t o  t h e  zann i s t e r s ,  fol lowing which t h e  valves were 
t i g h t l y  shut .  A welded HIP assembly is shown i n  Pigurs 8. 

The HIP c a n n i a t e r  a r w a b l i e r ,  and t h e  t i n  capmule8 were t h e n  
rrrovod f r m  t h e  chamber. A . ?a i la t  m n  wan t h e n  made w i t h  100 gram8 of 
high p u r i t y  S.Co5 a l l o y  purch.8.d f r a  t h e  Amma Laboratory of Iara S t a t e  
Univar8ity. Th* powdu  ml.8 i n  t i n  capaulem ware rent o u t  t o  a n  
o u t r i d e  l a b o r t t o r y  f o r  oxygen a n l y r i 8 .  Af t e r  a t t a c h i n g  a d d i t i o n a l  
length. of t u b i n g  t o  t h e  va lve8  by wagalcck ,  t h e  RIP cnnimtero w e r a  
laak-chackad and r e f i l l o d  w i t h  high p u r i t y  a rgon and n n t  o u t  f o r  HIPinq 
t o  a l o c a l  HIP 8emice casp.ny. The HIP proc.dure conmi8t.d of  
evacuation, bake out ,  r u l  by pinching of  t h e  steal tubing,  and HIP a t  
950mC f o r  2 hour8 a t  15 l b / i ~ ?  presour. of  argon. A 1 1  f o u r  R I P d  cam, 
hro each of collraercial and Am08 alloy., were found t o  h v o  co11ap8ed 
s u f f i c i e n t l y  to  i n d i c a t e  mcce88ful  HIPlng. The H I P 4  SrCoS Compact8 
were r-ved from t h e  c a n n i s t e r r  by d i s 8 o l u t i o n  of t h e  ateel can8 i n  
d i l u t e  nitric acid.  T h y  were then  OD ground t o  1 / 2  i nch  d iameters  and 
s l i c e d  t o  ~1TOdLlc.d 0.150 inch  th i ck  8lic.8. Ind iv idua l  8lic.8 f- Mch  
of t h e  HIPed i n g o t s  were given t h e  fo l lowing hea t  t rea tments :  1000mC - 
1 9  hours, 1120.C - 3 h r s  and 114OmC - 3 hours. F o l l w i n q  t h e  above 
homogenizing trmatraenta u c h  group was aged a t  900mC f o r  6 hours and 
then  quick cooled. 
One set of unpl08 i n  a s  HIPed cond i t ion  were sent o u t  f o r  
oxygen ana lys i r .  Magnetic m w m r a ~ e n t a  f o r  4nIb-H c h a r a c t e r i s t i c 8  were 
c a r r i e d  o u t  i n  a 140 kOe B i t t e r  solonoid at t h e  N a t i o n 1  Magmt 
Laboratory of WIT uaing f l u x  i n t a g r a t i o n  techniqile. Sample8 were a l s o  
examined meta l lographica l ly  ir.  ar-flIPvJ cond i t ion  a8 w e l l  a 8  a f t e r  t h e  
var ious  hea t  treatments t o  determine porosity, g r a i n  si te,  and t h e  
presence and i d e n t i f i c a t i o n  of t h e  record phame. 
7 . 3 1  Metallographic L x a m i x t i o n  
The p d e r  c h a r a c t o r i 8 t i c s  of t h e  hydrogen camniruted pcwder 
a r e  shown i n  F iyu res  9 (a )  and 9 ( b ) .  Some very f i n o  p a r t i c l e s  around 
1 urn were formed - Figure  9 ( a )  - but  t h e  bulk of t h e  powder coneis ted  of 
very l a r g e  p a r t i c l e s ,  a l though severly cracked. Both t h e  commercial 
a l l oy  and t h e  Ames a l l o y  shared s i m i l a r  behavior. I n v i t e  of t h e  
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extremely large s i z e  of t h e  p a r t i c l e a  t h e  d e n s i f i c a t i o n  by HIP w a s  q u i t e  
s a t i s f  ac tory  w i t h  t h e  po ros i ty  c l o s e  t o  1 percent .  The g r a i n  r h e a  of  
t h e  HIPed samplen a r e  a w n  i n  F igu res  10 and 11 f o r  t h e  c-rcial and 
Ames a l loy .  These microa t ruc turea  were produced by crosa-polar ized  
l i g h t  on as-poliahed HIPed aamplea, which mt only ahc l  t h e  mrrgmtic 
domain p a t t e r n s  but a l e o  b r i n g  o u t  t h e  g r a i n  boundarie8. There were 
some a r e a s  sha r ing  g ra in8  of 10 t o  20 Urn size b u t  m c h  a r e a s  c o ~ t i t u t e d  
less than  1 pe rcen t  of t h e  t o t a l .  I t  wan raughly es t imated  that 
99 percent  of t h e  HIP d e n s i f i d  body cons i s t ed  of grains between 100 a d  
400 pm. I t  appears  t h a t  t h e  l a r g e  p a r t i c l e s  w i t h  c racks  shown i n  
Figure 9 rebonded a long  t h e  c racks  and became l a r g e  s i n g l e  grains.  The 
t e l l t a l e  traces of t h e  c racks  are sti l l  v i s i b l e ,  w i t h  t h e  magnetic 
domain boundaries  f r e e l y  going a c r o s s  t h m ,  which would make them behave 
a s  l a r g e  p a r t i c l e s  i n  t h e  demagnetizat ion process.  The smaller 
p a r t i c l e s  occupy such -11 volume t h a t  t h e i r  magnetic c o n t r i b u t i o n  
would be negl ig ib le .  The coe rc iv i ty  of such a magnet ma te r i a l  would be 
expected t o  be very lar, i n  t h e  neighborhood of zero,  s i n c e  it would be 
impossible t o  achieve  requi red  homogeneity i n  t h e  l a r g e  g ra ina  i n  real 
time. 
Phase compositione of t h e  SmCo5 dens i f  i e d  Sodies were 
determined by e x a m i ~ t i o n  of t hu  mic ros t ruc tu re  a f t e r  e t ch ing  t h e  
polished s u r f a c e s  w i t h  3 pe rcen t  n i t a l  ao lu t '  - n, which darkens t h e  
S9C07 p a r t i c l e s  caus ing  than  t o  shar  up i n  t h e  l i g h t  SmCo5 matrix. 
F iguras  12 ( a )  and ( b )  show t h e  phase cotnpoaitions of t h e  commercial 
a l l o y  product i n  as-HIPed cond i t ion  and a f t e r  o w  of t h e  hea t  
t reatments .  F igu res  13 ( a )  and (b) were corresponding s t r u c t u r e s  of t h e  
Ames a l l o y  product.  The coamercial a l l o y  being about one-half weight  
percent  r i c h e r  i n  Samarium than  t h e  Ames a l l o y  shows more of t h e  Sm-rich 
Sm2C07 phase. For both a l l o y s  t h e  a s  HIPed samples show l a r g e r  amounts 
of S9Co7 t h a n  a f t e r  t h e  hea t  treatment. T h i s  i s  caused by t h e  l a r g e r  
composition homogeneity range of nCo5 a t  t h e  h igher  temperature* 
Second phase content  shown by t h e  HIPed eamples would be q u i t e  adequate 
f o r  product ion  of high c o e r c i v i t y ,  i f  not hampered by o t h e r  s t r u c t u r a l  
causes. 
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7.3.2 Magnetic P r o p e r t i s  
Although it was expec ted  t h a t  t h e  HIPed 3nCa5 b o d i e a  w?.th such  
l a r g e  g r a i n  size would n o t  p o s s i b l y  have . - o e r c i v i t i e s  v e r y  much above 
z e r o ,  measurement8 wmra made on t h e e e  samrles i n  t h e  a s - d I h C  condition 
a s  well. as  a f t e r  t h e  t h r e e  d i f f e r e n t  h e a t  t r e a t m e n t s  d e e r i b e d  
earlier. These a r e  shown in Table  2. 
Table  2. I n t r i n e i c  c o e r c i v i t i e s  o f  HIPed SmCo5 marerials 
produced from H2- comminuted powder. 
7.3.3 Oxygen Analyses 
Oxygen a n a l y s e s  were performed on b o t h  t h e  commercial and t h e  
Rmes l a b o r a t o r y  a l l o y u .  t h e  hydrogen comminuted powders from t h e s e  
a l l o y s ,  and t h e  HIP ~ e n s i f i e d  b o d i e s  formed from t h e s e  powders. The 
r e s u l t s  of t h e s e  a n a l y s e s  a r e  shown i n  Table  3. 
I n t r i n s i c  
C o e r c i v i t y  
Hci - kOe 
0 
-- 
Sam2le 
Commercial Alloy 
n 
n 
Thermal H i s t o r y  
AA-HIPed 
-. - 
HIPad + 10O0C - 19 hrs . ,  
900°C - 6 hrs . ,  Quick c o o l e d  
- 
HIPed + 1120°C - 3 hrs . ,  
n 
9000C - 6 hrs . ,  Quick c o o l e d  :: 3 .--- HIPed + 1140°C - 3 hrs . ,  
900°C - 6 hrs. ,  Quick c o o l e d  I 2.5 
Ames Alloy I As HIPed I 
- 
0 
I 1 HIPed + 1000°C - 19 hrs . ,  
I 
9000C - 6 hrs . ,  Quick Cooled 
HIPed + 1120°C - 3 hrs. ,  
9o0°C - 6 hrs . ,  Quick Cooled 
2.0 
3.0 
HIPed + l14O0C - 3 hrs . ,  
900°C - 6 h r s . ,  Quick Cooled 2.0 1 
Table  3. Oxygen analyaea of var ioua  .amplea. 
8. DISCUSSION AND CONCLUSIONS 
Alloy 
A m e s  Laboratory 
N 
w 
Commercial 
I 
w 
The o b j e c t i v e  of t h e  p re sen t  program was t o  approach t h e  
t h e o r e t i c a l  maximum c o e r c i v i t y  i n  SmCo5 magnets. T h i s  was t o  be  
accomplishsd by reducing oxygen contaminat ion t h a t  r e s u l t s  when t h e  
powder w t a l l u r g i c a l  process  used f o r  f a b r i c a t i n g  t h e s e  rnagnets is 
c a r r i e d  ou t  i n  ord inary  a i r  atmosphere a s  i n  t h e  convent iona l  s t a t e -o f -  
t.he-art commercial processing.  The t h e o r e t i c a l  maximum value  of 
coe rc iv i ty  is abou. 350 kOe. The b e s t  va lue  of c o e r c i v i t y  in SmCo, 
magnets produced by powder m t a l l u r g i c a l  process  having g ra in  s i z e  
between 10 and 20 Dm is around 45 kOe. These magnets con ta in  a minimum 
of about 6000 ppn of oxygen. Arc plasma sprayed S K o 5  magnets produced 
a t  t he  C.S. Draper Laboratory with g ra in  s i z e  of l e s s  than 5 u m  and 
oxygen content  i n  t h e  range of 1500 t o  2000 ppm have, however, showed 
coe rc iv i ty  values c l o s e  t o  70 kOe. I t  was, t h e r e f o r e ,  expected t h a t  i f  
t h e  oxygen content  could be f u r t h e r  reduced while  maintaining a very 
small g ra in  s. ze t h e  c o e r c i v i t y  would inc rease  above what has  been 
achieved f o r  t h e  sprayed magnets. I n  a d d i t i o n  t o  t h e  oxygen 
contamination, t h e  commercially prepared SWoS a l l o y s  con ta in  var ious  
o the r  impur i t i e s ,  a l a r g e  f r a c t i o n  of which comes from t h e  c r u c i b l e  
wal l s  i n  which t h e  a l l o y s  a r e  melted. Based on t h e  above r a t i o n a l e ,  
t h i s  program was i n i t i a t e d  t o  produce very f ine-gra ined  SmCo5 magnets 
Condi t ion  
Aa-received 
~ ~ - c o m m i  ted powder 
HIPed body of abave powder 
As-received 
E2-commi ru t ad  powder 
HIPed body of above pawder 
i 
Oxygen Content 
PP- 
70 
4 6  8 
4 70 
130 
1400 
640 
w i t h  t h e  lowent p o s s i b l e  oxygen c o n t e n t  and loweat  p o m i b l e  c o n t e n t  of 
t h e  o t h e r  i m p u r i t i e s .  The two main t a s k s  f o r  t h r  program were t o  ( 1 )  
produce a h i g h  p u r i t y  SWo5 a l l o y  w i t h  oxygen c o n t e n t  an low a 8  p o o s i b l e  
and ( 2 \  deve lop  p r o c e s s e n  f a r  powder p r e p a r a t i o n ,  c o l d  compaction and  
3 e n s i f i c a t i o n  which would a v o i d  f u r t h e r  orygmn contaminat ion.  
Two approaches  t h e n  f o r  t h e  a l l o y  m e l t i n g  p rocedure  were R.F. 
l e v i t a t i o n  m s l t i n g  i n  f lowing  he l ium and D.C. arc n m i t i n g  on a water-  
c o o l e d  t an ta lum-c lad  copper  h e a r t h  i n  a  p u r i f i e d  q u i e s c e n t  a rgon  
atmosphere.  Both t h e  mothode avo ided  con tamina t ion  caused  by r e a c t i a n  
w i t h  c r u c i b l e  w a l l s .  A s  compared to  a n  oxygen c o n t e n t  o f  about  150 ppm 
i n  conmmrcial a l l o y s ,  when c a r e f u l l y  c o n t r o l l e d ,  t h e  D.C. a r c  nmlted 
a l l o y  gave an oxygen a n a l y s i s  of 70 p p  and t h e  R.F. l e v i t a t i o n  mel ted  
a l l o y  showed 200 ppa. The h i g h e r  oxygen c o n t e n t  of t h e  l e v i t a t i o n  
melted a l l o y  is b e l i e v e d  t o  have ,-me from t h e  h igh  v e l o c i t y  hel ium g a s  
j e t  used f o r  c o n t r o l l i n g  t h e  t empera ture  of t h e  umlt. T h e r e f o r e ,  it is 
r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  oxygen c o n t e n t  o f  a  similar a l l o y  mel ted  
i n  z e r o  g r a v i t y ,  v h e r e  no c o o l i n g  g a s  jet would be required, w i l l  be 
s i m i l a r  t o  t h e  D.C. a r c  m s l t e d  a l l o y ,  o r  lawar. 
The second t a s k ,  v i z  t h e  f a b r i c a t i o n  of d e n n ~ f i e d  f i n e  powder 
magnet from t h n  a l l o y ,  h a s  n o t  been completed a t  t h e  c o n c l u s i o n  of t h i s  
program because of t h e  unt imely t e r m i n a t i o n  of t h e  a c t i v i t y .  
Cona iderab le  e f f o r t  has  gone i n t o  t h i s  t a s k  and some encourag ing  r e s u l t s  
have been o b t a i n e d  i n  avoidance of oxyqen con tamina t ion ,  a s  d i s c u s s e d  i n  
d e t a i l  below. 
A s  a l r e a d y  msntioned, a  cp& q u a l i t y  c o m m r c i a l  a l l o y  may 
c o n t a i n  a s  l i t t l e  a s  150 ppm of oxygen. An i n c r e a s e  of oxygen c o n t e n t  
by a  f a c t o r  of 4 0 ,  t o  6000 ppn, o c c u r s  d u r i n g  t h e  f a b r i c a t i o n  p rocess .  
P r a c t i c a l l y  a l l  of it o c c u r s  d u r i n g  t h e  p r e p a r a t i o n  of t h e  powder and 
i ts  subsequent  h a n d l i n g  i n  t h e  a i r  atmosphere.  For t h i s  t a s k  a s p e c i a l  
chamber was b u i l t  which prov ided  an oxygen-free ,  i n e r t  gas  atmosphere 
f o r  c a r r y i n g  o u t  powder p r e p a r a t i o n ,  compaction of t h e  powder, and 
e n c a p s u l a t i o n  of t h e  compact i n s i d e  a welded o u t g a s s e d  HIP c a n n i s t e r .  
The chamber, which h a s  been b u i l t  o f  r t a i n l e r r  rteel w i t h  p o l t r h e d  w a l l 8  
and s t a i n l e r r  r twl  plumbing, i r  c a p a b l e  o f  k i n g  e v a c u a t e d  and baked 
o u t  t o  reach  a law 1 0 ' ~  torr  p r e r s u r e .  B e r i d e r  the main chrmbor where 
a l l  t h e  powder p r e p a r a t i o n  and handl ing ,  etc. are performed u r i n g  
g l o w s ,  t h e r e  a r e  t w o  a t t a c h e d  a u x i l i a r y  c h m b e r r ,  one f o r  powder d r y i n g  
and t h e  o t h e r  a n  e n t r y  p o r t ,  each  o f  which can  h e  i n d f v i d u a 1 5 ~  evacua ted  
o r  f i l l e d  w i t h  p u r i f i e d  gas. The chamber can be b a c k f i l l e d  w i t h  getter 
f u rnace  p u r i f  f e d  a rgon  gar .  Powder comninution, compactf on and welding 
of HIP c a n n i s t m r s  a r e  performed i n  t h e  mrin chamber, w i t h  r o t a r y  motion 
and e l e c t r i c a l  powder b rought  i n  by s p e c i a l  f eed throughs .  
By t h e  t i m e  t h e  chamber was i n s t a l l e d ,  a l l  t h e  n e c e r s a r y  
a c c e s s o r i e s  b u i l t  and i n c o r p o r a t e d  i n t o  t h e  chamber, and v a r i o u s  
f u n c t i o n s  t o  be performed t e s t e d ,  t h e  t i m e  n e c e s s a r y  t o  deve lop  t h ~  
procedures  f o r  oxygen-free  f i n e  powder p r o d u c t i o n  was n o t  a v a i l a b l e .  
The exper iments  c a r r i e d  o u t  f o r  f a b r i c a t i o n  of d e n s i f i e d  S K o S  
powder b o d i e s  ue ing  t h e  newly b u i l t  comninution and e n c a p s u l a t i o n  
chamber, though l i m i t e d  i n  scope,  h a w  n o n e t h e l e c s  y i e l d e d  encourag ing  
r e s u l t s  on avo idance  o f  oxygen con tamina t ion  t h a t  i n v a r i a b l y  o c c u r s  i n  
t h e  c o n v e n t i o n a l  p rocess ing .  The oxygen p ickup  i n  t h e  f i n a l  d e n s i f i e d  
b o d i e s  from t h e  t ime  t k e  powder e n t e r e d  t h e  chamber through t h e  many 
s t e p s  of p r o c e s s i n g  invo lved ,  was n e e r  zero. The e x c e s s i v e l y  h i g h  
oxygen c o n t e n t  shown by t h e  conmerc ia l  a l l o y  powder wan ,xrss ibly  caused 
by a l e a k  i n  t h e  t i n  c a p s u l e  i n  which it was con ta ined .  
The c h o i c e  of p e r f ~ r m i n g  t h e  exper iments  w i t h  hydrogen 
comminuted powder, a s  it t u r n e d  o u t ,  was a n  u n f o r t u n a t e  one. Not on ly  
d i d  it g i v e  an unexpec tad ly  h igh  oxygen con tamina t ion  of  a t  l e a s t  
5 0 0  ppn, b u t  a l s o  produced t h e  very l a r g e  g r a i n  s i z e  of 4 0 0  u m  i n  t h e  
HIPed m a t e r i a l .  A b e t t e r  c h o i c e  for t h e  powder would have been t h e  
r e g u l a r  d i s c  qround powder a f t e r  r e j e c t i n g  t h e  - 1 0 0  mesh f r a c t i o n  of t h e  
powder by s i e v i n q .  The powder p a r t i c l e  s i z e  i n  such a powder would have 
been on ly  100  t o  1 5 0  Dm and an oxygen con tamina t ion ,  s o l e l y  due t o  d i s c  
q r i n d i n g ,  would not  have exceeded 150  ppm. 
The coorcivitier of the first batch of HIPed ranplea proparod 
in the clean chamber were expected (and mamured) to ba near zero, 
because of the very large grain rite mean on microexalkination. Tho 
primary requirements for high coercivity in S&05 magnot8 a m  correct 
chemical couporition, low impurity (particularly oxygen), and .mall 
grain size which facilitates homogenization. The coolposition should be 
such that the samarium content is slightly in excesa of the S&05 
etoichiomotry, but never less than the etoichiometry. The most 
desirable grain size in the finished magnot should be less than 5 pm. 
!lthough the composition and purity requirements were met in our initial 
experiments, the grain size requirement was missed by an overwhelming 
margin. 
Because of the considerable success that was achieved in 
eliminating oxygen contamination during fabrication of the densified 
powder body, further work will now be continued ae part of an existing 
related program. The funding support for this work will come from our 
on-going ONR funded program on developing Rare Earth-Cobalt magnets for 
advanced inertial applications. 
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APPENDIX 1 
ELECTROMAGNETIC CONTAINERLESS REACTION OF 
SAMARIUM WITH COBALT FOR THE 
FORMATION OF SAMARIUM-COBALT ALWYS 
C. W .  Chang*, D. K. Dasff, R. T. Frost* and K. Kumarf* 
General E lec tr ic  Company, Space Systems Division, P.O. Box 8555, 
Philadelphia, PA 19101. 
** The Charles Stark Draper Laboratory, Inc., 555 Technology Square, 
Cambridge, MA 02138 
Magnetization r e v e r s a l  i n  ?mCo5 magnets has h e n  found t o  r e s u l t  
from nuclea t ion  and motion of r eve r se  magnetic domains. T h i s  is 
be l i eved  t o  be aseoc ia t ed  with t h e  presence of de fez t  sites i n  t h e  
convent ional ly  prepared SmCo5 magnets. Work a t  t h e  Char les  S t a r k  Draper 
Laboratory and elsewhere(  ' 1 2 1 3 )  i nd ica t e8  t h a t  t hese  d e f e c t s  may be 
composit ional  inhomogeneities r e s u l t i n g  from p r e c i p i t a t i o n  of d isso lved  
oxygen during cool ing  of t h e  magnet from s i n t e r i n g  and opt imiza t ion  
temperatures. Because of t h e  high chemical r e a c t i v i t y  of t h e  samarium, 
o t h e r  contaminants c l s o  e n t e r  t h e  a l l o y  from t h e  c r u c i b l e  ma te r i a l s  i n  
which t h e  S E o 5  a l l o y s  a r e  formed. These o t h e r  contaminants a r e  a l s o  
suspected t o  be c o n t r i b u t o r s  t o  undes i rable  defec ts .  
I d e a l l y ,  c r u c i b l e  contamination can be e l iminated  completely by 
t h e  r eac t ion  of t h e  pure elements while  l e v i t a t e d  by e lec t romagnet ic  
f i e l d s .  There is a no t i ceab le  absence of papers  t h a t  r e p o r t  d e t a i l e d  
s t u d i e s  of formation of an a l l o y  from s o l i d  ma te r i a l s  by l e v i t a t i o n  
technique except  t h e  work by Polonis  e t  a l .  ( 4 ) .  The work repor ted  h e r s  
desc r ibes  t h e  succerrsful a p p l i c a t i o n  of t h i s  technique t o  formation of 
near  s to i ch iome t r i c  SmCos by s u i t a b l e  formation of charges of t h e  
elemental  m a t e r i a l s  and by use of a gas j e t  t o  c o n t r o l  temperature 
dur ing  t h e  reac t ion .  Although temperature c o n t r o l  was rendered 
d i f f i c u l t  by t h s  requirement of f i e l d  i n t e n s i t i e s  capable of l e v i t a t i n g  
t h e  specimen a g a i n s t  g rav i ty ,  s u f f i c i e n t  c o n t r o l  was obtuined t o  al low 
achievement of s to ichiometry  approximating SmCo5 compoeition by 
providing excess Sm In t h e  charge tc compensate f o r  evapora t ion  during 
temperature excursions.  
The General E l e c t r i c  l e v i t a t i o n  f a c i l i t y ( 5 )  (450 kHz, 25  kw RF 
power gene ra to r )  was used f o r  ca r ry ing  o u t  t h e  r eac t ion  experiments. 
Elemental samarium from Cotronice Corp. and United Mineral and Chemical 
Corp. and coba l t  from Mate r i a l s  Research Corp. were obtained f o r  t h e  
experiments. A r a d i a t i o n  pwyrometer was asseabled  by us ing  o p t i c a l  
f i l t e r s  (0.65 and 0.85 microns) and a CID (Charge I n j e c t i o n  Device) 
i m g e r .  Pyrometer c a l i b r a t i o n  is ~ n d a t o r y  t o  provide accu ra t e  
temperature readings. Observation of melting of gold (m.p. 1336.K) and 
Constantan's (m.p. 1543.K) wires inserted into small cavities drilled 
into cobalt speciments was used for absolute calibration. The developed 
instrumentation Has employed as described later for controlling reaction 
temperatures for compacts of elemental samarium and cobalt where a 
containing cobalt jacket was used, at least up to the point where the 
outer surface of the capsule participated in the reaction. 
A gas injection device was installed for cooling the levitated 
melt. Also, a helium scrubber was constructed and placed in operation 
which is capable of removing the major part of the oxygen and water 
vapor contaminant by passing the gas sequentially through a liquid 
nitrogen trap and through copper screens heated to 600°C in an oven. In 
the experiments, helium gas played the major role in cooling and 
solidifying the levitated melt('). Gas velocities ot the order of 30 
meters per second or greater were required to achieve solidJ.fication. 
A technique for the containerless reaction of elemental samarium 
and cobalt to form the alloy was next developed. Charges were 
fabricated consisting of a 1 cm diameter closed cylindric capsule of 
cobalt containing a tightly fitting cylinder of samarium, with volume 
adjusted to provide the desired ratio of elements in the alloy, 
corresponding to near-stoichiometric SmCo5. Several reaction 
experiments at different reaction time and cooling rate were perfor -?d 
with immediate success. Figure 1 shows the sxterior of a typical 
specimen after reaction experiment. The results of several experiments 
are listed in Table 1. Tatal weights of the specimens before and after 
experimentation are presented in Table 1. The weight losses of the 
specimens are assumed to be primarily samarium from calculations based 
on vapor pressure. The initial and final contants of samarium are also 
included in Table 1. By applying the reactiort m d e l  described by 
levenspiel(6 ) , the reaction rate of samarium with cobalt for Specimen 
No. 1 was estimated to be in the order of 1.0 x 10'~ cm/sec around the 
temperature of 1300°C by using the approximate reaction time 84 sec from 
the teat. The estimated result indicates that the reaction rate of 
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Fiqure 1. The appearallcc o f  a L y p i ~ a l  melt of Srn-Co alloy by 
R.F,Levitation. 
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Figure 2 .  X-ray diifraction patterns of samples No. ?. and 2. 
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Figure 2. X-ray diffraction patterns of samples No. 1 and 2. 
samarium with cobal t  is larch l a rger  than t h e  diffusion r a t e  between 
l iqu id  samarium and a o l i d  cobalt.  
Specimens a f t e r  react ion experiments were fu r the r  evaluated t o  
determine compound formation, uniformity of composition and amount of 
oxygen pickup. Elemental samarium and cobal t  used f o r  preparing a l loye  
and the  obtained a l l a ? .  were analyzed f o r  oxygen content using i n e r t  gas 
fusion technique. The r e s u l t s  a r e  given in  Table 2. 
X-ray di f f ractometer  pa t t e rns  were obtained from the  
longitudinally sectioned plane of t h e  melted ingots. Two such pa t t e rns  
a r e  shown i n  Figure 2. Also, o p t i c a l  micrographs of samples No. 1 and 2 
a re  shown i n  Figuro 3. By inspecting the  X-ray diffrctometer pat terna  
a s  shown i n  Figure 2, every l i n e  i n  a l l  t h e  pat terne  can be accounted 
f o r  by the  d i f f r a c t i o n  pa t t e rn  of the  compound SmCo5- The peak 
i n t e n s i t i e s  of t h e  l i n e s  showed no correspondence t o  thoee obtainable 
from a pavder pa t t e rn  of SmCo5. Thi.s i e  believed t o  be caused by the  
large  s i z e  of gra ins ,  which resul ted i n  on1 - a few grains  accomodated in 
the  X-ray beam, and not a s  a r e s u l t  of any preferred o r ien ta t ion  of 
c r y s t a l l i t e s  during so l id i f i ca t ion .  
Since t h e  compositions o i  both t h e  a l loye were r i cher  i n  Sm than 
the  stoichiometric S S o S  (33.8% Sm), they were expected t o  contain small 
amounts of Sm2C07. ~ l t h o u g h  no S9C07 peaks were seen i n  the  X-ray 
d i f f r c t i o n  pa t t e rns ,  o p t i c a l  microstructues (Figures 3a and 3c) showed 
well  d s t r i b u t e d  S9C07 phase throughout the  ingots except fo r  the  very 
t ips .  The t i p s  cons t i tu ted  l e s s  than 0.1 percent of the  t o t a l  volume. 
SEH-EDAX scans v e r i f i e d  t h a t  the  matrix throughout had the  SmCo5 
composition including t h e  t i p  area  and t h a t  the  second phase (dark 
gra ins)  were C ~ C O , .  
Kerr-effect magnetic domain pat terns  were obtained by t h e  use of 
cross polarized l i g h t  beam micros:opy. The magnetic domain pa t t e rns  
corresponding t o  Figures 3a and 3c a re  shown i n  Figures 3b and 3d, 
respectively.  Individual gra ins  a r e  seen t o  be c lea r ly  delineated 
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Table I. Weight Analyaia of Spechen8 Eefore and After Reaction 
Table 11. Oxygen Content Analysis 
Specinmn No. 
1 
2 
3 
4 
(Af t a r )  
Specimen No. 
1 
2 
3 
4 
Weight, g 
(Before) 
6.1989 
6.1353 
4.8595 
4.8567 
(After 
pct Sm 
(Before) 
34.65 
35.64 
36.78 
36.79 
~m 
PE!! 
120 
120 
1 
1 
Weight, g -1 
6. 1378 
6.0346 
4.7734 
4.6864 
Co 
EE! 
u100 
< I00  
2 7 
2 7 
34 00 
34.29 
35.63 
34.49 
i 
Sm-Co Alloy 
Ppa 
560 
580 
200 
450 
because  of d i f f e r e n t  d e g r e e s  of  a h d i n g  &a w e l l  a s  d i f f e r e n c u s  i n  domain 
s t r u c t u r e s .  The g ~ a i n s  a r e  q u i t e  l a r g e  and i n  m i l l i m e t e r  range,  and 
c r y a t a l l o g r a p h i c a i l y  t h e y  are o f  random o r i e n t a t i o n .  
The s u b s t a n t i a l  i n c r e a s e  i n  t h e  oxygen c o n t e n t  of  t h e  a l l o y s  o v e r  
t h a t  of t h e  s t a r t i n g  m e t a l s  mst have been a c q u i r e d  from t h e  he l ium j e t  
used f o r  c o n t r o l l i n g  t h e  t e m p e r a t u r e  o f  t h e  l e v i t a t e d  m e l t .  We f e e l  
t h a t  t h e  chemica l  composi t ion,  c r y s t a l l i n e  s t r u c t u r e ,  and t h e  uniformity 
of  t h e  phase  d i s t r i b u t i o n  as s e e n  i n  t h e  l e v i t a t e d  melt would be  
s a t i s f a c t o r y  f o r  o u r  r e s e a r c h  s t u d i e s  on m g n e t i c  p r o p e r t i e s .  The 
oxygen c o n t e n t ,  however, wan t o o  h igh  and e f f o r t s  s h o u l d  b e  inade t o  
lower it by a n  o r d e r  of magnitude i n  a i u t u r e  s tudy .  
The homogeneity of  r e s u l t a n t  a l l o y s  was v e r i f i e d  on t h e  b a s i s  of  
X-ray d i f f r a c t i o n  and SEN-EDAX a n a l y s i s .  I n  c o n t r a s t  t o  t h e  poor  miS.ing 
r e p o r t e d  by El-Kaddah and ~ o b e r t s o n ( ' ) ,  t h e  r e s u l t  of t h i s  s t u d y  shows 
t h a t  s u b s t a n t i a l  s t i r r i n g  e x i s t s  i n  a  RE' l e v i t a t e d  melt .  T h i s  f a c t  
i n d i c a t e d  a n  a d d i t i o n a l  advan tage  f o r  forming h i g h l y  r e a c t i v e  m a t e r i a l s  
by t h e  e l e ~ t r o m a g ~ ~ e t i c  l e v i t a t i o n  method. 
T h i s  program was s u p p o r t e d  under t h e  NASA M a t e r i a l s  P r o c e s s i n q  I n  
Space Program by t h e  Gecrge C. Marsha l l  Space F l i g h t  Cen te r .  
Development of t h e  e l e m e n t a l  samarium and c o b a l t  c h a r g e  forming 
t echn ique ,  a s  w e l l  as new procedures  i n  o p e r a t i o n  and c o n t r o l  of t h e  
l e v i t a t i o n  zystem, were c o n t r i b u t e d  by D a n i e l  J. Rutecki .  
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